Tumorigenic cells undergo cell aggregation and aggregate coalescence in a 3D Matrigel environment. Here, we expanded this 3D platform to assess the interactions of normal human dermal fibroblasts (NHDFs) and human primary mammary fibroblasts (HPMFs) with breast cancer-derived, tumorigenic cells (MDA-MB-231). Medium conditioned by MDA-MB-231 cells activates both types of fibroblasts, imbuing them with the capacity to accelerate the rate of aggregation and coalescence of MDA-MB-231 cells more than four fold. Acceleration is achieved 1) by direct physical interactions with MDA-MB-231 cells, in which activated fibroblasts penetrate the MDA-MB-231/Matrigel 3D environment and function as supporting scaffolds for MDA-MB-231 aggregation and coalescence, and 2) through the release of soluble accelerating factors, including matrix metalloproteinase (MMPs) and, in the case of activated NHDFs, SDF-1α/CXCL12. Fibroblast activation includes changes in morphology, motility, and gene expression. Podoplanin (PDPN) and fibroblast activation protein (FAP) are upregulated by more than nine-fold in activated NHDFs while activated HPMFs upregulate FAP, vimentin, desmin, platelet derived growth factor receptor A and S100A4. Overexpression of PDPN, but not FAP, in NHDF cells in the absence of MDA-MB-231-conditioned medium, activates NHDFs. These results reveal that complex reciprocal signaling between fibroblasts and cancer cells, coupled with their physical interactions, occurs in a highly coordinated fashion that orchestrates aggregation and coalescence, behaviors specific to cancer cells in a 3D environment. These in vitro interactions may reflect events involved in early tumorigenesis, particularly in cases of field cancerization, and may represent a new mechanism whereby cancer-associated fibroblasts (CAFs) promote tumor growth.
Introduction
It is well-established that stromal cells are hijacked by a developing tumor to generate a tumorspecific stroma that, in turn, promotes cancer progression and metastasis [1] . Fibroblasts a1111111111 a1111111111 a1111111111 a1111111111 a1111111111 (Life Technologies, Carlsbad, CA) supplemented with 5% horse serum, human recombinant EGF, insulin, hydrocortisone and cholera toxin, all obtained from Sigma Aldrich (St. Louis, MO), and penicillin-streptomycin from Thermo -Fisher (Grand Island, NY) [21] . GFP tagged human dermal fibroblasts (NHDFs-GFP) were obtained from Angio-proteomie (www. angioproteomie.com) and cultured according to the supplier's directions.
Activation of fibroblasts by MDA-MB-231-conditioned medium and assay preparations
To generate cancer cell conditioned fibroblast growth media (CC-FGM), MDA-MB-231 cells were grown for 72 hours to 70-80% confluency in 10 mL of FGM containing 2% fetal calf serum (Fig 1A1) . The CC-FGM medium was then withdrawn from the culture flask and filtered through a 0.22 μm filter to remove any detached MDA-MB-231cells or cell debris. To generate cancer cell conditioned fibroblasts (CC-NHDFs) (Fig 1B1) , NHDFs were grown for 72 hours to 70-80% confluency in the filtered CC-FGM plus 30% fresh FGM. As a control, NHDFs were grown to 70-80% confluency in FGM containing 2% fetal calf serum for 72 hours to generate fibroblast conditioned FGM (F-FGM) (Fig 1A2) . The F-FGM was collected and filtered in the same manner as the CC-FGM. Next, NHDFs were grown to 70-80% confluency for 72 hours in the filtered F-FGM to generate fibroblast cell conditioned fibroblasts (F-NHDFs) (Fig 1B2) . Cancer cell conditioned HPMFs (CC-HPMFs) and fibroblast cell conditioned HPMFs (F-HPMFs) were generated using this same protocol with HPMF-GM. To determine if results were specific to one formula of media, reciprocal media controls were performed by culturing HPMFs in MCF media [21] and CC-MCF media, again following the protocol illustrated in Fig 1. To determine if growth factors in the growth media were responsible for stimulating the MDA-MB-231 cancer cells to condition the media, minimal conditioned media (CC-minimal MCF) was prepared by culturing MDA-MB-231 cancer cells in MCF media without insulin or EGF and supplemented with 10% serum that had been charcoal stripped to remove growth factors (https://www.atlanta-biologicals.com). Finally, as an additional control, fibroblasts were grown in FGM or HPMF-GM that had not been conditioned by either MDA-MB-231 cells or by fibroblasts.
To prepare samples for 2D analysis of fibroblast motility, the 30 mm glass insert in a 60 mm Petri dish (https://www.cellvis.com/) was pre-coated with Type I human collagen (https:// www.advancedbiomatrix.com) according to the supplier's instructions. Next, a 500 μl aliquot containing 5 x 10 4 NHDFs in FGM, F-NHDFs in F-FGM, CC-NHDFs in CC-FGM, HPMFs in HPMF-GM, F-HPMFs in F-HPMF-GM, or CC-HPMFs in CC-HPMF-GM was dispersed onto the collagen-coated insert. Cells were allowed to adhere for 30 minutes at 37˚C and 5% CO 2 ( Fig 1C) followed by addition of 5 ml of the appropriate media. To assay coalescence in 2D and 3D in the presence of fibroblasts, fibroblasts were first plated on the collagen-coated insert as described above. MDA-MB-231 cells were then harvested and 5x10 5 cells in 250 μl of medium were mixed with ice-cold Matrigel (Fig 1C) as described elsewhere in detail [13] . Medium was removed from the collagen-coated insert and 750 μl of the cell/Matrigel mixture were gently applied over the fibroblasts (Fig 1D) . The Matrigel was allowed to gel by incubating the dishes for 60 minutes at 37˚C and 5% CO 2 and 5 ml of MCF media was then added. 2D and 3D images were acquired on a microscope housed in an incubator at 37˚C and 5% CO 2 ( Fig 1E) .
2D analysis of fibroblast cell shape and motility
Fibroblasts were plated on the collagen-coated insert of a Petri dish as described above. 2D images at 4x or 10x magnification were acquired through an Olympus CK2 microscope housed in an incubator at 37˚C and 5% CO 2 . Illumination and acquisition were synchronized using Fire-I software (www.unibrain.com/products/fire-i-software/). A series of JPEG images were acquired every 45 seconds with a XCD-V50 camera (Sony, San Diego, CA). The images were imported into J3D-DIAS4.2 [13, 14, [22] [23] [24] and compiled into JDIAS movie format for motion and shape analysis. Cells were outlined at 7.5 minute intervals for 6 hours. Stacked perimeter plots were generated and length, width, perimeter, area and instantaneous velocity calculated as described previously [25] . J3D-DIAS4.2 calculates persistence as the ratio of net to total path length at 5 frame intervals and averaged over the total path length.
2D and 3D analysis of MDA-MB-231 aggregation and aggregate coalescence in the presence of NHDF, F-NHDF, F-HPMF, CC-NHDF and CC-HPMF cells
NHDFs, F-NHDF, HPMFs, F-HPMFs, CC-NHDFs or CC-HPMFs were plated onto the collagen-coated insert and overlayed with a Matrigel/MDA-MB-231 cell suspension as described above. 2D images at 4X and 10X magnification were acquired through an Olympus CK2 microscope housed in an incubator at 37˚C and 5% CO 2 . For 3D analyses of coalescence with DIC optics, a lid with a glass insert was used to cover the dish. 3D cultures were imaged through a 20x objective using Differential Interference Contrast (DIC) optics on a Zeiss Axioplan 2 microscope with a motor-driven stage synchronized to a Zeiss AxioCam MRc5 IEEE 1394 color CCD camera and an LED light source. The microscope was housed in an incubator at 37˚in 5% CO 2 . A z-series of optical sections was acquired through the preparation at 10 μm increments and this process repeated every 10 minutes for up to 5 days. The z-series was imported into J3D-DIAS4.2 and saved in movie format for 3D reconstructions, as previously described [13, 14, 22, 23] .
Immunostaining
Fibroblasts were plated on the collagen-coated insert (described above) and incubated for 60 minutes at 37˚C in 5% CO 2 before addition of 5 mL of media to the dish. After 24 hours, the preparation was rinsed with PBS and immunostained as described previously [14] . Cells were stained with the anti-vimentin monoclonal antibody (mAb) AMF-17b (Developmental Studies Hybridoma Bank, (DSHB) http://dshb.biology.uiowa.edu) diluted 1:10 in PBS, or the rat antihuman podoplanin mAb NZ-1 (AngiobioCo., San Diego, CA) diluted 1:200 in PBS. The AMF-17b preparation was stained with the secondary antibody AlexaFluor 488 conjugated goat anti-mouse IgG (Jackson ImmunoResearch), and the NZ-1 preparation with the secondary antibody AlexaFluor 488 conjugated goat anti-rat IgG (Jackson ImmunoResearch).
qRT-PCR
For RNA preparations, conditioned and unconditioned fibroblast cells were washed in PBS, resuspended in RNAlater solution (Ambion, Life technologies, Carlsbad, CA, USA) and incubated for 1 hour at 4˚C. RNA was extracted using the RNeasy Mini kit (QIAGEN). The TURBO DNA-free kit (Ambion, Life technologies, Carlsbad, CA, USA) was employed to remove DNA. The quality of the RNA was confirmed with the Experion RNA StdSens and HighSens Analysis Kit (Bio-Rad) that assigned an RNA Quality Index (RQI) >9.5 for our samples, indicating little to no RNA degradation had occurred. To generate cDNA from the RNA samples, the iScript cDNA Synthesis kit (Bio-Rad) was used, as recommended by the manufacturer. qRT-PCR assays were performed with LightCycler 480 SYBR Green I Master mix (Roche) using 50 ng of the cDNA. The expression levels of the genes of interest were quantified using a Roche LightCycler480 real-time PCR detection system with SYBR green. The qRT-PCR assay for each of the tested genes was repeated three times, each in triplicate. The relative expression level of the genes was normalized to that of GAPDH. Primer pairs used for qRT-PCR are listed in S1 Table. Western blot analysis of cell lysates and media
Western analysis of protein from cell lysates was performed as previously described [26] . Rat anti-podoplanin NZ-1 (AngiobioCo., San Diego, CA) and mouse anti-FAP (Santa Cruz Biotechnology, INC) were employed as primary antibodies. Mouse anti-β-tubulin mAb E7 (DSHB; http://dshb.biology.uiowa.edu) was used as a loading control. To assess the release of SDF-1α/CXCL12, media were concentrated with Amicon Ultra 3K centrifugal filter devices (Merck Millipore Ltd.) according to the supplier's protocol. Recombinant human SDF-1α/ CXCL12 (R&D Systems; https://www.rndsystems.com) was used as a positive control. Rabbit anti-human SDF-1α/CXCL12 antibody (Thermo Fisher Scientific) was used to detect the cytokine. IRDye 800-conjugated goat anti-rat, goat anti-mouse or goat anti-rabbit antibody (LiCor Biosciences, Lincoln, NE) were used as secondary antibodies. Odyssey scanner and software were used for detection and quantification of immunoblots (Li-Cor Biosciences).
Transwell assay with NHDF cells
A Corning Incorporated Transwell plate with 24 mm inserts, the latter constructed from 0.4 μm pore membranes (https://www.corning.com/worldwide/en.html), was used to test whether conditioned fibroblasts released a soluble factor capable of traversing the membrane to affect MDA-MB-231 cell behavior in the absence of fibroblast/cancer cell-cell contact. The plate well was first pre-coated with 100 μl of Matrigel. MDA-MB-231 cells were diluted to 1×10 6 cells per ml in MCF medium, chilled on ice, and a 500 μl aliquot mixed with 1 ml of ice-cold Matrigel. The chilled MDA-MB-231/Matrigel mixture was then inoculated into the pre-coated well. F-NHDF or CC-NHDF cultures, containing 4×10 4 cells, were suspended in 400 μl of F-FGM or CC-FGM medium, respectively, and spread on the insert filter over an empty well. The plate was then allowed to incubate for 30 minutes at 37˚C to allow for gelation of the Matrigel as well as attachment of the fibroblasts to the insert filter. Media were removed from the inserts and the inserts transferred on to wells containing the MDA-MB-231 cell/Matrigel mixture. The transwell preparation was incubated for 60 minutes at 37˚C and 5% CO 2 to allow gelation of the Matrigel, followed by addition of 2.5 ml of MCF medium to each well. Images were acquired daily for four days using the 10X objective of a Zeiss Axiovert 100 microscope. To confirm that fibroblasts could not migrate through the insert filter, the transwell assay was performed using NHDF cells in the absence of MDA-MB-231 cells and the bottom well examined microscopically.
Development of NHDF overexpression strains
To overexpress human PDPN and FAP genes transiently in NHDFs, we constructed plasmids pPDPN-C3 and pFAP-C3. To construct the overexpression plasmids, the PDPN and FAP genes were amplified by PCR from the plasmids containing human PDPN cDNA (http:// dnasu.org/DNASU/GetCloneDetail.do?cloneid=443900) and human FAP cDNA (http:// dnasu.org/DNASU/GetCloneDetail.do?cloneid=43440) with the primer pairs PDPN-1/-2 and FAP-1/-2, respectively. The PCR amplified coding regions of the genes were cloned under the control of CMV promoter in the plasmid pEGFP-C3 (BD Bioscienes Clonetech, Mountain View, CA, USA) by enzyme restriction with AgeI and SalI and followed by ligation. To generate a control expression plasmid pmCherry-C3, the EGFP coding region in the plasmid pEGFP-C3 was swapped with the mCherry gene that was amplified from a plasmid with mCherry by PCR with primer pair mCherry-1/-2. Primer pairs used for generating the overexpression and control plasmids are listed in S1 
Treatment of F-NHDFs and CC-NHDFs with anti-PDPN mAb
mAb NZ-1, described above, was affinity purified using a Protein G HP spin trap column (GE Healthcare, Cat.#28903134) and concentrated using an ultra-centrifugal filter (EMD Millipore, Cat.# UFC905024) [27] . The concentration was measured by a Nanodrop 1000 spectrophotometer (ThermoScientific) and 0.67 μg added to 4x10 4 F-NHDFs or CC-NHDFs in 200 μl of medium. The preparations were incubated at room temperature for 20 minutes. The contents of each tube were then divided equally between two collagen-coated wells. As controls, mAb in 200 μl PBS was processed similarly in the absence of cells. The plates were then incubated for 30 minutes at 5% CO 2 at 37˚C. An MDA-MB-231/Matrigel mixture was then cast over the fibroblast cell layer as described above. Images were acquired daily for four days using the 10X objective of a Zeiss Axiovert 100 microscope.
MMP Gelatinase Zymography and treatment with MMP inhibitor
Sterile-filtered media were diluted 1:1 with zymogram sample buffer (BioRad) and 20 μl loaded into each well of a Tris-Glycine Novex 10% zymogram protein gel copolymerized with 0.1% gelatin (Invitrogen). SDS-Page gels were run at 118V constant voltage for 90 minutes. Gelatinase activity was detected following the manufacturer's protocol. Images of the gel demonstrating cleared regions of enzymatic activity were captured using a light box and Nikon CoolPix camera. Digital images were quantitated using ImageJ software [28] . NHDFs were cultured in CC-FGM with or without 50 μM of the MMP inhibitor GM6001 (http://www. emdmillipore.com) for 72 hours.
Treatment of MDA-MB-231 cells with SDF-1-α/CXCL12, anti-SDF-1-α/ CXCL12 mAb and IL-6
Recombinant SDF-1α/CXCL12 and human/mouse SDF-1α /CXCL12 mAb were obtained from R&D Systems (https://www.rndsystems.com) and reconstituted according to the supplier's specifications. MDA-MB-231 cells were grown for 24 hours in 10 ml of MCF media supplemented with 3 μg of the reconstituted protein or supplemented with 3 μg of the protein plus 25 μg of the anti-SDF-1α mAb. To test the effect of IL-6 on MDA-MB-231s, cells were grown for 24 hours in MCF medium supplemented with 50 ng/mL of recombinant IL-6 (rIL-6, www.peprotech.co). To test the effect of rIL-6 on MDA-MB-231 cells, the rIL-6 treated MDA-MB-231 cells were embedded in 3D Matrigel as previously described [14] . Images of 10 fields were taken at 24 hour intervals using a 4X objective.
Results

Breast cancer cell-conditioned medium activates NHDFs and alters gene expression
To determine if treatment of fibroblasts with media conditioned by MDA-MB-231 cells altered the shape and motility of the fibroblasts, NHDF cells were treated with cancer cell conditioned or fibroblast cell conditioned media as described in the Methods. A comparison of F-NHDFs and CC-NHDFs, fixed on a collagen substrate and stained with the anti-vimentin mAb AMF-1b, revealed markedly different morphologies (Fig 2 A and 2B ). F-NHDFs were spindle shaped and bipolar (Fig 2A) , whereas CC-NHDFs were spread and multipolar ( Fig 2B) . On a collagen-coated 2D substrate, cellular translocation tracks of F-NHDFs were long and persistent, (Fig 2C) , while tracks of CC-NHDFs were random and less persistent ( Fig 2D) . Morphometric measurements revealed that CC-NHDFs were on average significantly longer (Fig 2E) , presumably due to the numerous elongated lamellipodia and filopodia, while F-NHDFs were significantly narrower ( Fig  2F) , and possessed on average a much smaller perimeter ( Fig 2G) and a significantly smaller area (Fig 2H) , than CC-NHDFs. Instantaneous velocity, computed without directional bias [25] , was similar for CC-NHDFs and F-NHDFs (Fig 2I) , but the computed persistence of translocation was significantly higher for F-NHDFs than CC-NHDFs ( Fig 2J) . These results indicate that factors released by MDA-MB-231 cells alter both the morphology and behavior of dermal fibroblasts. Next, to determine if factors released by MDA-MB-231 cells altered gene expression in CC-NHDFs, expression of ten genes previously demonstrated to be involved in fibroblast activation and/or motility [29] was assessed by quantitative reverse transcriptase-polymerase chain reaction (qRT-PCR). The genes included vimentin (VIM), PDPN, α-smooth muscle actin (ACTA), the tyrosine kinase discoidin domain-containing receptor 2 (DDR2), desmin (DES), FAP, platelet-derived growth factor receptor A (PDGFRA), platelet-derived growth factor receptor B (PDGFRB), Ca ++ binding protein (FSP1/S100A4), and syndecan1 (SDC1). Five of the genes, PDPN, ACTA, DDR2, FAP and PDGFRB were up-regulated in CC-NHDFs by more than two-fold ( Fig 2K) . PDPN was upregulated nine-fold and FAP ten-fold ( Fig 2K) . F-NHDF cells did not stain with the anti-podoplanin mAb (Fig 2L) , but CC-NHDF cells stained intensely (Fig 2M, arrows) . Western blot analysis supported the fluorescence data, demonstrating that PDPN was expressed in CC-NHDFs, but not in F-NHDFs (Fig 2N) . Western blot analyses of FAP revealed that it was present in F-NHDFs, and the level increased several fold in CC-NHDFs (S1A Fig) . 
CC-NHDF cells accelerate MDA-MB-231 cell aggregation and aggregate coalescence
In the experimental protocol employed, in the absence of a fibroblast substratum, cell aggregation and aggregate coalescence (hereafter referred to as "aggregation and coalescence") occurred slowly over 192 hours. At 72 hours, cells had moved through the gel, forming small aggregates (Fig 3A, arrows) . Aggregation and coalescence continued so that by 144 hours, the great majority of cells in the field resided in a few large aggregates, and the surrounding Matrigel was depleted of single cells as previously described [13, 22] . When MDA-MB-231 cells were cast over F-NHDFs, the rates of aggregation and coalescence were similar (Fig 3A,  arrows) . When MDA-MB-231 cells were cast in Matrigel over CC-NHDFs, aggregation and coalescence occurred at a dramatically accelerated rate, forming large aggregates by 72 hours (Fig 3A, arrows) , at least four-fold greater than preparations cast over F-NHDF cells. Quantitative analysis of the size of aggregates in 10 different fields of duplicate 72 hour cultures confirmed these differences (Fig 3B) . The median area of MDA-MB-231 cell aggregates formed over CC-NHDFs was more than four-fold larger than those formed over F-NHDFs (Fig 3B) .
CC-NHDFs attract MDA-MB-231 cells and function as scaffolds in the 3D model
2D imaging suggested that accelerated aggregation and coalescence was more pronounced in the Matrigel region closest to the CC-NHDF substratum. To explore this observation, we used the 3D reconstruction software J3D-DIAS4.2 [13, 23, 30] . In Fig 4A and 4B , side views of reconstructions are presented of a MDA-MB-231/Matrigel preparation cast over F-NHDF and CC-NHDF substrates. Fibroblasts are color-coded yellow and MDA-MB-231 cells and aggregates color-coded red. The MDA-MB-231 cells and small aggregates over the F-NHDF substratum remained dispersed throughout the 3D Matrigel matrix after 24 hours (Fig 4A) , whereas MDA-MB-231 cells and small aggregates accumulated in the Matrigel region closest to the interface with the CC-NHDF substratum (Fig 4B, white arrows) . The F-NHDF or CC-NHDF cells were distinguishable from the MDA-MB-231 cells over time by visually monitoring the optical sections collected every 10 minutes.
To further investigate the interactions between CC-NHDFs and MDA-MB-231 cells in the 3D Matrigel environment, we reconstructed single cells and clusters of cells using J3D-DIAS4.2 [13, 14, 23, 30] . In the first reconstructions in Fig 4C, a CC-NHDF cell (yellow,  1) , at the CC-NHDF-MDA-MB-231/Matrigel interface at 0 hours moved in a directed fashion (arrow) towards an MDA-MB-231 cell (red, 1) between 0 and 3 hours. At 5.5 hours, the CC-NHDF contacted MDA-MB-231 cell 1, changed direction, and migrated towards a developing aggregate, with MDA-MB-231 cell 1 in tow (Fig 4C) . During that same time period, two additional MDA-MB-231 cells, (red 2 and 3), in contact with another CC-NHDF cell, moved in the direction of CC-NHDF cell 1, and by 21 hours, MDA-MB-231 cells 1, 2 and 3 had aggregated around several CC-NHDF cells, including CC-NHDF cell 1 (Fig 4C) . In a second reconstruction in a later time period, shown in Fig 4D, MDA-MB-231 cells (red) aggregated using CC-NHDF cells (yellow), as scaffolds. These behaviors were observed in additional regions optically sectioned in a similar fashion in multiple preparations.
CC-NHDFs penetrate the MDA-MB-231/Matrigel overlay
In examining optical sections, it also appeared that CC-NHDFs, but not F-NHDFs, penetrated the MDA-MB-231/Matrigel overlay. To explore this observation, the MDA-MB-231/Matrigel mixtures were cast over NHDF-GFP cells treated with either fibroblast conditioned medium ("F-NHDF-GFP cells") or MDA-MB-231-conditioned medium ("CC-NHDF-GFP cells"). DIC and fluorescent images were obtained at different distances through the MDA-MB-231/ Matrigel phase after 72 hours of incubation. No F-NHDF-GFP cells were observed through 5 to 45 μm of the Matrigel phase (Fig 5A) . However, CC-NHDF-GFP cells, were observed extending at least 30 μm into the MDA-MB-231/Matrigel phase (Fig 5B) . After 96 hours, CC-NHDF-GFP cells (green) were enmeshed in the MDA-MB-231 cell aggregates within the Matrigel overlay (Fig 5C) .
A quantitative analysis was performed to verify that CC-NHDF cells had a greater propensity to invade the Matrigel and incorporate into MDA-MB-231 aggregates than F-NHDF cells. An examination of 10 independent aggregates at 172 hours in preparations containing F-NHDF-GFP cells revealed F-NHDF-GFP cells in 23% of MDA-MB-231 aggregates. The average number of F-NHDF-GFP cells within the 23% of aggregates containing them was 3 ± 1.8. The highest level in the 150 μm z-series at which F-NHDF-GFP cells appeared in the aggregates was 33.6 μm ± 14.3. In contrast, 100% of the 10 aggregates examined in the CC-NHDF-GFP preparations contained CC-NHDF-GFP with an average number of 54 ± 15 CC-NHDF-GFP cells per aggregate (p<0.005). The average highest level in which CC-NHDF-GFP cells appeared in the aggregates was 100 μm ± 28.2 (p<0.0005).
The role of PDPN
Because PDPN and FAP were upregulated at the transcript level more than nine-fold in CC-NHDFs, we assessed whether upregulation of either played a role in the acquisition of the . We then tested whether overexpression of either resulted in activation of NHDF cells, thereby imbuing them with the capacity to accelerate MDA-MB-231 cell aggregation and coalescence in a 3D environment. After 24 hours, there was minimal aggregation of the MDA-MB-231 cells in Matrigel cast over a control NHDF substratum (Fig 6A) . In marked contrast, after 24 hours, aggregation and coalescence of MDA-MB-231 cells in Matrigel cast over a NHDF-PDPN oe substratum was accelerated (Fig 6B) . After 72 hours, while MDA-MB-231 cells over the NHDF cells had formed medium-sized aggregates (Fig 6C) , the majority of MDA-MB-231 cells over NHDF-PDPN oe cells had coalesced into large aggregates (Fig 6D) .
Overexpressing FAP in NHDF cells, however, did not imbue them with the capacity to accelerate (S1B Fig). To further explore the role of PDPN, we tested whether anti-podoplanin mAb NZ-1 affected acceleration. Compared to the coalescence on a substratum of CC-NHDF cells (Fig 6E) , NZ-1 reduced the rate of aggregation and coalescence (Fig 6F) , reinforcing the conclusion that PDPN plays a central role in the capacity of CC-NHDF cells to accelerate aggregation and coalescence of MDA-MB-231 cells in a 3D environment.
Matrix metalloproteinases (MMPs) and SDF-1α/CXCL12 accelerate aggregation and coalescence
To test whether CC-NHDFs also release soluble acceleration factors, MDA-MB-231/Matrigel mixtures were cast on the bottom wells in 24 well tissue culture dishes with removable filter inserts. The inserts were overlaid with a suspension of either F-NHDFs or CC-NHDFs and placed over the MDA-MB-231/Matrigel phase, the latter in the bottom wells (Fig 7A) . The MDA-MB-231 cells that were separated from untreated F-NHDF cells underwent coalescence at a far slower rate than MDA-MB-231 cells separated from CC-NHDF cells (Fig 7B) and the aggregates were more spheroid than those formed on CC-NHDF scaffolds. Microscopic scanning revealed that no CC-NHDF cells or lamellipodia had traversed the micropore filter. The transwell experiment therefore demonstrated that, in addition to direct physical interaction, activated fibroblasts also stimulated coalescence of MDA-MB-231 cells by releasing soluble factors. One possible candidate for acceleration factors released by activated fibroblasts were the MMPs [31] . The levels of pro-MMP9, MMP9, MMP2 and MMP1, assessed by zymography were 5.5, 5.9, 1.3 and 7.5 fold higher, respectively, in CC-FGM taken after 72 hours on CC-NHDF cells (lane CC-FGM/CC-NHDF) (Fig 7C) than in F-FGM taken after 72 hours on NHDF cells (lane F-FGM). A small amount of pro-MMP2 was present in all samples of FGM, but apart from that weak band, MDA-MB-231 cells did not release detectable levels of MMPs into the CC-FGM (lane CC-FGM/MB-231s) (Fig 7C) . Thus, dermal fibroblasts secreted relatively high levels of MMPs in response to treatment with cancer cell conditioned media. To confirm these data, we tested whether the MMP inhibitor, GM6001, blocked acceleration of coalescence using the CC-NHDF cells. After 24 hours of incubation, MDA-MB-231 cells in Matrigel overlaying a CC-NHDF substratum had begun to aggregate, but MDA-MB-231 cells overlaid onto CC-NHDF cultures that had been treated with GM6001 remained randomly dispersed (Fig 7D) . The chemokine SDF-1α/CXCL12 is also released by activated fibroblasts [15] with reported effects on cancer cell locomotion and metastasis [32] . Our Western blot analysis confirmed that CC-NHDFs released SDF-1α/CXCL12 into the media at levels several fold higher than F-NHDFs or MDA-MB-231 cells (Fig 7E) . We therefore grew MDA-MB-231 cells for 24 hours in the presence of SDF-1α/CXCL12 and monitored their subsequent aggregation and coalescence in the 3D Matrigel environment. Accelerated MDA-MB-231 cell aggregation and coalescence was noted after 48 hours and was quite evident after 72 hours (Fig 7F) . Addition of the anti-SDF-1α/CXCL12 mAb to the culture medium containing SDF-1α/CXCL12 abrogated the effect (Fig 7F) . Finally, we tested whether aggregation and coalescence were directly stimulated in MDA-MB-231 cells by treatment with rIL-6. To that end, rIL-6 was added to the growth medium for 24 hours prior to suspending the treated cells in Matrigel for the coalescence assay. Images acquired following 48 hours in Matrigel showed no effect from rIL-6 treatment of MDA-MB-231 cells, nor was acceleration observed at 72 hours (Fig 7F) .
Breast cancer cell-conditioned medium activates HPMFs affecting their polarity, morphology, gene expression, ability to accelerate coalescence and MMP release
In order to confirm the results obtained with CC-NHDFs, we performed similar experiments with conditioned and unconditioned primary mammary fibroblasts. As was the case with the dermal fibroblasts, dramatic changes in morphologies were noted in CC-HPMFs on a collagen substrate. That is, while F-HPMFs were spindle shaped and bipolar (Fig 8A) , similar to F-NHDF cells and consistent with the morphology of young, non-senescent fibroblasts [33] , CC-HPMFs were spread and multipolar ( Fig 8B) . Next, to determine if factors released by MDA-MB-231 cells altered gene expression in CC-HPMFs, we examined the expression of the same ten genes by qRT-PCR that we assessed in the dermal fibroblasts. Interestingly, a different set of genes were upregulated in CC-HPMFs when compared to CC-NHDF cells. These included VIM, DES, FAP, PDFGRA and S100A4 while syndecan I (SDC1) was significantly downregulated (Fig 8 C) . Nevertheless, when cast over CC-HPMFs, the rate of coalescence of MDA-MB-231 cells far exceeded that observed with CC-NHDFs and was evident as early as 24 hours (Fig 8 D, arrows) . In addition, destruction of the CC-HPMF monolayer was even more pronounced (Fig 8E, dashed red line) and the area of aggregates appeared significantly greater (Fig 8F, solid red line) , an observation that was confirmed by measuring aggregate areas ( Fig  8G) . To determine if CC-HPMFs, like CC-NHDFs, released elevated MMPs, pro-MMP9, MMP9, pro-MMP2, MMP2 and MMP1 were assessed by gel zymography (Fig 8G) . Pro-MMP9 was not detectable in any of the HPMF-GM preparations while pro-MMP2 was present in all samples. MMP9 and MMP2 were only detectable in CC-HPMF-GM/CC-HPMF while MMP1 was not detected in any of the media. Therefore, although dermal and mammary fibroblasts release different collagenase enzymes of the MMP family, both release relatively high levels of MMPs in response to treatment with cancer cell conditioned media.
To determine if components specific to the HPMF-GM were stimulating the MDA-MB-231 cells to secrete activating factors into the conditioned medium, we performed the coalescence assay with different varieties of media. First, in a reciprocal media experiment, we conditioned HPMFs with MCF media [21] from 72 hour MDA-MB-231 (CC-MCF). Second, we prepared a minimal MCF medium (CC-minimal MCF) by omitting growth factors and supplementing with serum that had been stripped of growth factors. We then conditioned HPMFs with CC-minimal MCF from 72 hour MDA-MB-231 cells. As controls, we cultured HPMFs in unconditioned MCF and unconditioned minimal MCF. Again, aggregation and coalescence of MDA-MB-231 cells were accelerated in the presence of conditioned HPMFs as compared to their unconditioned counterparts with obvious destruction of the fibroblast monolayer, similar to observations in CC-HPMF, with a slight delay at 24 hours in the CCminimal MCF ( S2 Fig). Therefore, secretion of fibroblast stimulatory factors by MDA-MB-231 cells is not media specific, although serum associated cytokines and growth factors, prevalent in the tumor microenvironment [2, 34, 35] , likely enhance their ability to secrete these stimulatory factors.
Discussion
Both in vitro and in vivo studies have demonstrated that CAFs and tumor cells interact to drive tumor progression [12, 31] , leading to several proposed models for reciprocal signaling [8, 36, 37] . Given the significance of reciprocal signaling and the formation of tumors in a 3D environment, we have developed a 3D model to analyze not only signaling, but also physical interactions between fibroblasts and cancer cells. We found that MDA-MB-231 cells release a fibroblast activation signal, and that these activated fibroblasts (CC-NHDFs and CC-HPMFs) then accelerate breast cancer cell aggregation and aggregate coalescence by, in turn, releasing soluble factors and also by serving as physical scaffolds for breast cancer cell aggregation (Fig  9) . The soluble factors appear to include matrix metalloproteinases (MMPs) and, in the case of CC-NHDFs, the chemokine SDF-1α/CXCL12.
NHDF activation
Fibroblasts can be activated by a number of molecular signals, depending upon body location, developmental circumstances such as embryogenesis, tissue maintenance, wound healing and tumorigenesis [8, [38] [39] [40] . Here, we have demonstrated that medium conditioned by the breast cancer cell line MDA-MB-231 activates NHDFs and HPMFs, transforming them into CAFs with altered morphology, motility and gene expression, most notably, the capacity to accelerate breast tumor-derived MDA-MB-231 cell aggregation and aggregate coalescence in a 3D environment.
NHDF activation by MDA-MB-231 conditioned medium resulted in more than a two-fold increase in the expression of five of the ten tested genes, selected for their association with fibroblast activation [2] . The five included PDPN, ACTA, DDR2, FAP and PDGFRB. Because PDPN and FAP were the most dramatically upregulated and also previously implicated in fibroblast activation [41] , we tested whether overexpression of either imbued NHDFs with the capacity to accelerate MDA-MB-231 aggregation and coalescence. Overexpressing PDPN did imbue NHDFs with the capacity to accelerate, but overexpressing FAP did not. In addition, pretreatment of CC-NHDFs with anti-PDPN antibody blocked their capacity to accelerate. These results indicate that PDPN plays a central role in NHDF activation. with PDPN, but rather another receptor, and that activation through the Wnt/ß-cat pathway [42] results in PDPN upregulation.
Suchanski et al (2017) [41] found that PDPN overexpression in fibroblasts co-cultured with cancer cells did not enhance migration or invasion of cancer cells, but did increase the motility of fibroblasts, measured indirectly by the ability of activated fibroblasts to traverse a filter with an 8 μm pore size. Although we did not see increased velocity in our direct measurements of CC-NHDF cell motility in which PDPN was upregulated, our finding that activation causes shape changes and Matrigel invasion are consistent with their reported increased ability to penetrate a filter [41] .
Activation of HPMFs resulted in upregulation of FAP, VIM, DES, PDFGRA and S100A4, while, interestingly, SCDI was significantly downregulated. In contrast to our results, in a study by Liakou et al (2016) [3] , SCD1 was upregulated in HPMFs treated for 24 hours with media conditioned by MDA-MB-231 cells [3] . However, we employed a different conditioning protocol and, perhaps more importantly, our conditioning period was considerably longer. Thus, the discrepancy in SCD1 expression may be attributable to fibroblast plasticity and the existence of transitional fibroblast states. The difference is quite likely due to time-dependent changes in gene expression, including transcription factor genes, in a program of differentiation. CAFs are remarkably heterogeneic [2, 43] and transitional states [2, 34] with overlapping gene expression patterns are common in the tumor stroma [44] . The upregulation of VIM, DES, and FAP are features of myofibroblasts [45, 46] . Hence, it is reasonable to conclude that the longer conditioning period we employed may reflect a myofibroblast-like transitional state, and is consistent with the prevalence of stromal cells with myofibroblast characteristics in epithelial tumors [45] .
Acceleration by physical interactions
Although numerous studies have focused on diffusible, soluble factors released by CAFs, that promote cancer progression through EMT [18, 47, 48] and the concomitant acquisition of cancer cell motility and metastasis [2, 49, 50] , only a few have examined possible physical interactions between CAFs and cancer cells. Gaggioli et al (2007) [10] showed that CAFs generated tracks in a Matrigel/collagen matrix into which overlying squamous cell carcinoma cells (SCCs) collectively migrated. When CAFs and SCCs were mixed, the leading cell was typically a fibroblast during collective migration of the SCCs. Pretreatment of the matrix with CAFs, followed by removal of CAFs and subsequent seeding of the SCC cells enabled SCC invasion, suggesting that during metastasis, CAFs generated tracks in the matrix that cancer cells subsequently entered. In a later study [11] it was reported that when CAFs and SCCs were cocultured as spheroids in a Matrigel/collagen matrix, SCC cells followed the CAFs as the cells exited the spheroids. Most relevant to the results presented here, Knuchel et al (2015) [9] demonstrated that fibroblasts promote colorectal cancer (CRC) cell elongation and motility through direct cell-cell interactions, and that adhesion appears to be mediated by FGF-2, FGFR and integrin α v ß 5 . They also demonstrated that fibroblasts directed CRC cells to exit established CRC spheroids.
Our experimental design allowed us to observe dynamic physical interactions between fibroblasts overlayed with cancer cells in a 3D environment in which each cell type was plated in its normal microenvironment; i.e. fibroblasts on collagen [51] and cancer cells of epithelial origin in the basement membrane matrix Matrigel [52] . Our 4D analysis of live cultures revealed that fibroblasts were able to penetrate the matrix, and by 48 hours, functioned as scaffolds for cancer cell aggregation. Movement of MDA-MB-231 cells was directional, towards and along the elongated CC-NHDFs in the process of aggregation. Aggregates enveloped the CC-NHDFs. CC-NHDF migration and scaffolding occurred as much as 70 μm above the original CC-NHDF/Matrigel boundary. In support of our findings, fibroblasts isolated from the interface zone between breast tumors and stroma actively modulated tumor cell behavior in co-cultures to a greater extent than normal fibroblasts or fibroblasts within the tumor [53] . Importantly, the interactions revealed in our model might occur very early in in vivo tumorigenesis and may explain tumor growth and tumor heterogeneity in cases of field cancerization [19, 20, 54] , a widely documented occurrence in many types of cancers [55] [56] [57] , including breast cancer [54, 58] , in which discrete, multiple islands or foci of neoplastic cells are present within the diseased tissue [59] [60] [61] . Based on an examination of 783 oral tumors, Slaughter [19] suggested that these foci grow independently and eventually coalesce to form a tumor, a suggestion that has been more recently documented in histological analyses of melanoma development in humans [62] .
Acceleration of coalescence by soluble factors released by CC-NHDF cells
CC-NHDFs accelerated aggregation and coalescence across the filter in a transwell assay without penetrating the filter, demonstrating that the CC-NHDFs released one or more soluble acceleration factors. However, the aggregates induced by soluble factors alone were far more compact than the aggregates accelerated by CC-NHDF scaffolding. This suggests either that the mechanism of acceleration by soluble factors differs from that mediated by physical scaffolding, or that in the latter case, the CC-NHDFs caused larger but more diffuse aggregates because their presence interfered with compactness of MDA-MB-231 cells. To identify acceleration factors, we tested several molecules reported to be secreted by activated fibroblasts. First, we found that CC-NHDFs and CC-HPMFs release matrix metalloproteinases (MMPs) which are released by activated fibroblasts [6] and remodel ECM [52] , at five to ten times the level of inactivated fibroblasts, and that the MMP inhibitor GM6001 retarded aggregation and coalescence. MMPs, by remodeling the ECM, may facilitate fibroblast and MDA-MB-231 translocation through the 3D matrix, thus accelerating the process of aggregation and coalescence. Secondly, we found that the cytokine SDF-1α/CXCL12 is released by CC-NHDFs and accelerates aggregation and coalescence. SDF-1α/CXCL12, which has been demonstrated to affect cancer cell proliferation [63, 64] and metastasis [15] , must directly affect MDA-MB-231 behavior, probably through the SDF-1α/CXCL12 receptor, which has been shown to be expressed in MDA-MB-231 cells [65] .
Conclusion
Based on the tumor cell-specific characteristics of cell aggregation and aggregate coalescence in a 3D environment, we designed an assay to investigate bidirectional signaling and physical cell-cell interactions of fibroblasts and breast tumor-derived MDA-MB-231 cells. We first demonstrated that tumor cells activated fibroblasts by releasing an unidentified factor. Activation appeared to involve up-regulation of podoplanin in dermal fibroblasts, which plays a major role in the effects these fibroblasts have on tumor cells. In turn, activated fibroblasts released one or more soluble signals, tentatively identified as matrix metalloproteinases and the cytokine SDF-1α/CXCL12, which accelerated the rate of tumor cell aggregation and aggregate coalescence by four-fold. HPMF activation involved a different gene expression pattern but nevertheless, similar to CC-NHDFs, MMP secretion was markedly increased along with the rate and extent of coalescence in breast cancer cells. We further demonstrated that activated fibroblasts also accelerate aggregation and coalescence by traversing a 3D Matrigel environment and physically acting as scaffolds for cancer cells. We hypothesize that the reciprocal signaling system, in conjunction with the direct interaction of activated fibroblasts with cancer cells, as revealed in the 3D Matrigel environment and described here, may reflect interactions between breast cancer cells and stromal fibroblasts in vivo. These interactions may ultimately facilitate tumor growth and coalescence in early stages of tumorigenesis in field cancerized tissue and may also reflect cancer cell-fibroblast interactions that do not involve coalescence during tumor development. 
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